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in temperature as the jet pressure ratio increases to its maxi-
mum possible reliable limit (Poj/Pa = 2.1). Beyond this limit
it was hard to keep the supply pressure constant long enough
to have reliable results. For jet stagnation pressures (1.43 <
Poj/Pa ^ 2.1), the following linear empirical equation was
obtained:

T = 230 + 444 (Poj/Pa - 1.43) C

At higher pressures, the cylindrical resonator is expected to
yield higher temperatures, as suggested by this equation. This
was not verified experimentally, due to the difficulties en-
countered in maintaining the jet pressure long enough to ob-
tain a temperature reading.

Concluding Remarks
A new and improved axisymmetric resonator was intro-

duced and tested. The results were compared with those ob-
tained using the original model and the following conclusions
were drawn:

1) Highly symmetrical implosions are possible to obtain,
and depend not only on the symmetry of the device but on its
four parameters studied here, namely, the disk diameter, noz-
zle width, and disk and plug positions. For a given nozzle di-
ameter and width, there exists, for every disk diameter, an op-
timum position for both the disk and the plug. For the 89-mm
nozzle diameter and the 5.1-mm nozzle width, the optimum
plug and disk positions are given in Table 1.

2) Resonant oscillations can be obtained for a wide range of
jet stagnation pressures and not restricted to a single value, as
in the original model. The higher the jet pressure, the higher is
the pressure amplitude, as shown in Fig. 4.

3) To minimize the effects of the boundary layers, the disk
diameter to cylindrical cavity width ratio should be less than
10. Smaller nozzle and cavity widths were found to weaken the
oscillations, which become almost nonexistent at higher
pressures.

4) The steady-state temperatures were found to vary linearly
with the jet stagnation pressures. For jet stagnation pressures
(1.43 < Poj < 2.1), a linear empirical equation was obtained.
These values are about five times those measured with a
logarithmic spiral resonance tube,5 thus making the proposed
model a better ignitor over any of the existing ones. Future
work should include the use of different gases, such as helium
and hydrogen, which were previously found to yield tempera-
tures about six times that obtained with air,6 as well as testing
of the new model for its ability to ignite various gaseous mix-
tures.
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I. Introduction

M ANY recent studies of turbulent combustion are based
on flamelet models in which the reaction zone is treated

as a collection of laminar flame elements (flamelets) embed-
ded in the turbulent flow (Marble and Broadwell,1 Peters,2'3
Bray4). An advantage of this concept is that it essentially
decouples complex chemistry calculations from the turbulent
flow description. Chemical kinetics and transport properties
may be treated separately in a local flamelet analysis and then
included in the calculation of the turbulent flowfield. Two
different formulations of these flamelet models are generally
available: one for turbulent premixed flames, the other for
turbulent diffusion flames. However, in some situations, pre-
mixed and nonpremixed flame elements may co-exist in the
same flow. This is the case, for example, in the stabilization of
diffusion flames or during the ignition phase of a cryogenic
rocket engine. In a first step, the cold reactants, fuel and
oxidizer, mix to form a premixed fluid. Then, when ignition
occurs due to some external process such as autoignition, by
mixing with a hot gas stream or spark ignition, a premixed
flame is formed. All premixed reactants are eventually con-
sumed and a stabilized diffusion flame takes over. Combus-
tion in a diesel engine also begins with the ignition of a
premixed flame and ends with a diffusion flame. It appears
that such a situation is not adequately described with classical
flamelet models. A combined flamelet representation, based
on the coherent flame model initially derived by Marble and
Broadwell,1 accounting for premixed and nonpremixed flame
regimes is tested to describe the unsteady reactive flow config-
urations.

II. Combined Flamelet Model
The combined model devised in this article employs the

basic assumptions of the coherent flame model of Marble and
Broadwell. Details of this model may be found in Ref. 1, as
well as in Veynante et al.,5'6 Lacas et al.,7 or Darabiha et al.8
The turbulent reactive flow is described as a collection of
laminar flamelets which are convected and distorted by the
turbulent motion but retain an identifiable structure. In this
sense, the reaction sheets remain "coherent." The basic model
combines the following elements: 1) a set of dynamic equa-
tions and closure rules describing the turbulent flow, 2) a local
model for the laminar flame elements taking into account the
effect of strain and providing the consumption rates per unit
flame area, VD., and 3) a balance equation for the flame area
per unit volume E.

The mean consumption rates of the main species are then
obtained from £ and VD. according to:

W=p VD. 0)
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The combined premixed/nonpremixed model retains and
extends these general ideas. For the sake of clarity, it is pre-
sented in the simplest possible form. Consider a simple, one
step, fast, and irreversible reaction F + s O —• P where F, is
the fuel, O the oxidizer, s the mass stoichiometric ratio, and P
the products. While the original coherent flame model uses a
single flame surface density £, two quantities of this type are
now introduced to represent the local area of diffusion
flamelets (Ld) and the local area of premixed flamelets (17). In
addition, it is also necessary to consider a third surface density
£c that represents a nonreactive mixing area separating the two
nonpremixed feactants O and F. This area corresponds to
disruptive holes in the flame sheet. The two reactants O and F
may diffuse across these surface elements to form premixed
gas as presented in Figs, la and Ib. Then, in a second step
(Figs. Ic), this premixed fluid may be ignited to burn as a
premixed flame. The consumption of this local premixed
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Fig. 1 Schematic representation of physical processes described in
the combined premixed/nonpremixed flame model.
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Fig. 2 Geometrical configuration used for numerical test.

stream eventually leads to a quenching of the premixed flame
and serves as an initiation source to a diffusion flame involv-
ing the fuel and oxidizer (Fig. Id). The last step of the process
may be the consumption of all premixed reactants, leading to
a state in which only a diffusion flame prevails between the
unmixed oxidizer and fuel (Fig. le).

To be consistent with this description, it is necessary to
introduce two mass fractions for each reactant /, one of
which, yjd, represents the mass of the reactant / in a nonpre-
mixed form, whereas the other, Yf^ designates the mass of the
reactant / premixed with the other reactant. From this analy-
sis, the balance equation for the nonpremixed reactants may
be written:

a
dxk

c

where the last two terms express the consumption of reactant
/ in the diffusion flame sheets and the mixing of the two
reactants O and F to form a premixed fluid. Vp. is the con-
sumption rate per unit of diffusion flame area and Kc/ the
mixing rate per unit of contact surface. For reactant i in
premixed form, the balance equation becomes

_p c
DI l

where the last two terms represent, respectively, the consump-
tion rate of reactant / in a premixed flame and the production
of premixed fluid through the mixing surface between nonpre-
mixed reactants. Of course, the balance equation for the prod-
uct P of the reaction is

where the two source terms describe the generation of prod-
ucts in diffusion and premixed flamelets.

Now, three new equations are needed: one for each flame
surface density considered. A balance equation for the diffu-
sion flame surface density Ed may be written in the form

d Vd

- S + 7
0 Yf

(5)

where a.d and @d are two constants and e5 the local strain rate.



850 TECHNICAL NOTES AIAA JOURNAL

With the exception of its last term, this equation is similar to
the balance equation proposed by Marble and Broadwell for
the flame surface density in a diffusion flame. The last term,
R d, expresses the ignition of a diffusion flame by consumption
of the premixed reactants between the nonpremixed reactants
O and F (see Fig. Id).

One may also write a balance equation for the premixed
flame surface density, £ ? : • • •

—— + uk—— = —— - —— + ofes IPdt dxk dxk

(6)

where of and ftP are two new constants.
The production of a premixed flame surface due to the

ignition of premixed reactants is expressed by the last term of
this equation, /ign. This function is determined from a local
analysis of the flow conditions at the initial instant and it
depends on the process utilized to ignite the reactive stream
(spark, mixing with hot gases etc.). In general, /ign will be a
function of the local mass fractions of premixed reactants,
temperature, strain rate, energy release in the spark, etc.

The balance equation for the third surface density £c, corre-
sponding to contact elements, has logically the same form as
the two others equations:

at k dxk dxk \0x dxk

(7)

where of and /3C are two constants.
The third term describes the mutual annihilation of contact

surfaces due to complete mixing of the nonpremixed reactants
separating adjacent contact sheets. The last term Rc expresses
the dissipation of the contact surface by ignition of a diffusion
flame between the two nonpremixed reactants.

Now, we must express the two source terms, Rd and Rc. Rd

is the production of the diffusion flame surface by consump-

tion of the premixed reactants flowing between streams of
pure oxidizer and fuel, whereas Rc corresponds to the destruc-
tion of contact elements by ignition of a diffusion flame
between the nonpremixed reactants. Then, logically,

= -Rc (8)

Rd expresses the production of a diffusion flame resulting
from the destruction of a premixed flame surface. This pro-
cess is associated with the consumption of the fresh premixed
intervening reactants. The destruction of a premixed flame
area has been already included in the balance equation for
premixed flame area [Eq. (6)]. Accordingly, R d may be viewed
as a part of this destruction term

= 7 r/ (9)

We now have written a set of equations that simultaneously
model premixed and nonpremixed turbulent flames. This set
may be used to predict the ignition of a diffusion flame in a
mixing layer.

As usual, this set of equations must be supplemented with
expressions for the local consumption rates of each reactant in
the premixed and diffusion flame sheets and with a mixing
rate per unit of contact area, VP

D.9 Vd
D.9 Vc

i9 respectively. In
general, these consumption rates are obtained from the com-
putations of plane laminar strained flames including complex
chemistry features and multicomponent transport (Darabiha
et a I.8), or from analytical expressions derived under the
assumption of an infinitely fast, irreversible chemical reaction
(Marble and Broadwell1). However, for a simple test case, like
the one proposed next, all the local consumption rates may be
assumed to be constant.

III. Numerical Simulation of the Transient Ignition
Phase of a Turbulent Diffusion Flame

The balance equations of mass, momentum, energy, spe-
cies, and surface densities are discretized and solved using a
finite-volume technique (Dupoirieux and Scherrer9). The k-e
closure scheme is adopted. The local strain rate is determined
from the turbulent kinetic energy and dissipation according to
es = Cs e/k. The ignition function is here replaced by an initial
distribution of the premixed flame area at the ignition point.

a) b)
a) mass fractions of nonpremixed fuel

b) premixed fuel
c) densities of contact area

e)
d) premixed flame area

e) diffusion flame area

f) temperature field

Fig. 3 Contours of constant various quantities as a function of time.
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We now consider a numerical test of the model in the case
of a two-dimensional mixing layer in the configuration shown
in Fig. 2. Propane is injected through a narrow slot into a
stream of air. In the first step, no combustion is taken into
account. Only contact area is considered and the nonpremixed
reactants mix to form a premixed stream. When the flow is
well established, ignition takes place from the initial premixed
flame area distributed at time t - O around the ignition point.

The contours of constant mass fractions of nonpremixed
fuel, premixed fuel, densities of contact, premixed and diffu-
sion flame areas and temperature are displayed in Fig. 3 as a
function of time. Combustion begins with an unsteady pre-
mixed flame propagating in the initial mixture. The flame
front travels crosswise and then propagates upstream inside
the recirculation zone. A diffusion flame is then ignited and
reaches a stationary configuration while the premixed flame
disappears with the consumption of all the premixed reac-
tants. This description is in qualitative agreement with a high-
speed schlieren film of the ignition phase of an experimental
combustor with the same geometrical configuration. The
steady-state structure of the established diffusion flame is also
in agreement with previous numerical simulations and experi-
ments (Lacas et al.7).

IV. Conclusions
A model is proposed for turbulent flames combining pre-

mixed and nonpremixed flamelets. This model is tested in a
simple case to simulate the transient post ignition regime of a
diffusion flame. Further computations are being conducted to
qualify the combined model. It will be useful to compare
numerical predictions with experimental results, but the avail-
able data are not adequate. However, preliminary calculations
indicate that it may be possible to describe time-evolving-situ-
ations or the steady-state stabilization of nonpremixed shear
flows. Further tests should prove whether this model is able to
simulate blow-off and lift-off of diffusion flames. The formu-
lation may be improved in various ways. For example, it will
be easy to add other terms in the balance equations for the
different flame surface densities to predict the quenching phe-
nomenon due to excessively large local strain rates.
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Introduction

T HE boundary condition switching method for solving
stream function-vorticity equations1'2 is applied to solve

the incompressible Navier-Stokes equations in primitive vari-
able form. The key idea of this method is that on boundaries,
where both Dirichlet and Neumann boundary conditions are
known, the Neumann boundary condition is satisfied natu-
rally while the Dirichlet boundary condition is used to substi-
tute the unknown boundary condition of the other variable,
for instance, vorticity in stream function-vorticity equations
and pressure in Navier-Stokes equations. When solving the
Navier-Stokes equations with primitive variables for incom-
pressible laminar flows, the Dirichlet boundary condition is
the velocity boundary condition by giving zero velocity at wall
boundaries. The Neumann boundary condition are given by
the continuity condition. In the methods solving Navier-
Stokes equations with primitive variables, the velocity
boundary conditions are implemented with the Neumann
boundary condition satisfied by continuity equation. It is well
known that these methods result in pressure oscillations using
equal-order interpolation in finite element method3 (FEM)
and using non-staggered grid in finite difference method4

(FDM). This difficulty could be removed by using the present
method. Application of the present method is tested by both
FEM and FDM. Our results show that this method does not
result in any pressure oscillations. Thus, pressure solutions do
not need to be filtered or smoothed.

Governing Equations and Boundary Conditions
The two-dimensional steady incompressible Navier-Stokes

equations are

(1)

(2)

in a bounded domain 0, where Fis the velocity vector, P the
pressure, p the density, and v the kinematic viscosity.
Boundary conditions are

V = V(x)

3V dV f

Tn=Tn(

P = P(x)

on T2€ r = dfi

(3)

(4)

(5)

where riur2ur3 = r.
On some boundaries both Dirichlet and Neumann boundary

conditions for velocity exist when a viscous flow problem is

Received Dec. 21, 1989; revision received May 8, 1990; accepted for
publication May 20, 1990. Copyright © 1990 by the American Insti-
tute of Aeronautics and Astronautics, Inc. All rights reserved.

* Research Associate, Department of Mechanical Engineering,
P. O. Box 6079, Station A. Member AIAA.

tJ.-A. Bombardier Aeronautical Chair Professor, Department of
Mechanical Engineering, P.O. Box 6079, Station A. Member AIAA.


